INTRODUCTION {#sec1-1}
============

Recent preclinical studies, and clinical trials suggest bone marrow-derived cells for the treatment of retinal degenerative diseases.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11]\] This improvement in retinal function can be attained through different mechanisms such as the paracrine effect and RPE repair.\[[@ref12]\] The safety and efficacy of intravitreal injection of bone marrow mesenchymal stem cells (MSCs) in restoring retinal function in patients with retinitis pigmentosa (RP), however, has not been explored.

In this study, we investigated the safety and feasibility of intravitreally transplanted autologous bone marrow MSCs in patients with advanced RP over a one-year period. Herein, we report the early onset of severe fibrosis after cell transplantation in one patient\'s eye. In two other patients, temporary improvement in visual function was observed.

METHODS {#sec1-2}
=======

This phase I, prospective open-label study was performed to evaluate the safety of autologous bone marrow MSC transplantation in subjects with advanced RP. The safety outcome was defined as any deleterious modifications on clinical and paraclinical parameters. The secondary objective was to assess potential efficacy through improvements in multifocal electroretinography (mfERG), optical coherence tomography (OCT), enhanced depth imaging OCT (EDI-OCT), fundus auto-fluorescence (FAF) imaging and fluorescein angiography (FA).

The study was approved by the Ethics Committee of the Ophthalmic Research Center at Shahid Beheshti University of Medical Sciences, Tehran, Iran. Ethical guideline provisions from the Declaration of Helsinki were followed. Written consent for participation and for publication was obtained from the volunteers.

Three volunteer subjects with advanced RP aged 42--53 years were recruited. Visual acuity (VA) of all patients was poor light perception in both eyes with no projection. One patient had the history of cataract surgery; the two others had mild posterior subcapsular spoke-like cataracts. Slit lamp examination showed trace cells in the anterior vitreous. Fundus examination of all patients revealed diffuse pigment clumps as bone spicules, arterial narrowing and advanced waxy pallor of the optic disc. The left eye of each patient was included in this study.

Patients underwent multifocal electroretinography (mfERG, Roland Consult, Brandenburg, Germany) at baseline and at months 3, 6 and 12 after the injection. Optical coherence tomography (OCT) (Spectralis, Heidelberg Engineering, Heidelberg, Germany) was performed to assess the macular and peripapillary nerve fiber layer thicknesses. Enhanced depth imaging- OCT was performed to evaluate the central choroidal thickness. Fundus auto-fluorescence (FAF) imaging was performed by SLO (Model HRA/HRA 2; Heidelberg Engineering, Dossenheim, Germany) at baseline and at months 1, 3, 6 and 12. Fluorescein angiography (FA) was accomplished using SLO (Model HRA/HRA 2; Heidelberg Engineering, Dossenheim, Germany) at baseline and at month 3 after intravitreal injection of MSCs.

Isolation of Bone Marrow Cells and Mesenchymal Stem Cell Culture {#sec2-1}
----------------------------------------------------------------

Bone marrow aspiration was performed in operation room at Royan Institute for Stem Cell Biology and Technology affiliated to Academic Center for Education, Culture and Research (ACECR), Tehran, Iran. Subjects were sedated prior to the procedure and monitored by an anesthesiologist. After local anesthesia using 2% lidocaine, approximately 50 ml bone marrow was aspirated from the anterior and posterior iliac crest.

Cell separation and culture procedures were performed in a good manufacturing practice facility using standardized procedures. The mononuclear cell fraction was separated from the bone marrow by centrifugation under Ficoll-Hypaque gradient (GE Healthcare Life Sciences, Little Chalfont, UK) at 2000 revolutions per minute (rpm) without a break, at room temperature, for 30 minutes. After three washes in saline solution, cells were plated in culture. The cells were cultured in minimum essential Eagle\'s medium with alpha modifications supplemented with 10% gamma irradiated fetal bovine serum (FBS, HyClone, Logan, UT, USA) and 1X L-glutamine (Gibco, Thermo Fisher Scientific Inc., Waltham, USA). One-half of the medium was exchanged every 3 days. Once the cells achieved 80 to 90% confluence, they were dissociated with 0.25% trypsin/0.53 mM ethylenedinitrilotetraacetic acid (Gibco, Thermo Fisher Scientific Inc., Waltham, USA). and resuspended in saline solution containing 20% human serum albumin. MSC suspensions (1 × 106 cells/0.1 ml) were transferred into 1 ml syringes for local injection in subjects. Before transplantation, the cells were characterized by viability, flow cytometry analysis, and tested for sterility. The viability of cells was over 95%.

Flow Cytometry {#sec2-2}
--------------

Single-cell suspensions were stained with phycoerythrin (PE)- or fluorescein isothiocyanate (FITC)-conjugated anti-human CD90 (clone 5E10, BD 555595), CD105 clone 266, BD 560839), CD73 (clone AD2, BD 550257), CD44 (clone C26, BD 555478), CD45/CD34 (BD 341071), Cd 11b (clone p1H12, BD 550338), antibodies or the isotype-matched controls IgG2b (clone GC198, Millipore MABC006F), IgG1 (Dako X0932), IgG1, and k isotype control (clone MOPC-21, BD 551436). Suspensions were subsequently analyzed on a BD FACS Calibur flow cytometry system (BD Biosciences, San Jose, CA, USA) with software, version 2.5.1 (BD Biosciences). For each marker and isotype, 20000 events were acquired.

Cell Transplantation and Subject Follow-up {#sec2-3}
------------------------------------------

After instillation of an anesthetic eye drop (Tetracaine, Sina Darou Laboratories Co., Tehran, Iran), preparation and drape was performed in a sterile standard manner. A lid speculum was placed to keep the eye open. Each patient received an intravitreal injection of MSCs (10^6^ per 0.1 ml) trans pars plana, 3.75 and 3.25 mm behind the limbus in the phakic and pseudophakic eyes, respectively, with a 27-gauge needle. After the intravitreal injection, anterior chamber paracentesis was done to reduce the intraocular pressure (IOP). Evaluation was performed during the 12-month follow-up period.

*In vivo* Animal Studies {#sec2-4}
------------------------

Adult male C57/BL6 mice and B6Nude mice (20--25 g) were housed under light- and temperature-controlled conditions. All experiments were conducted in compliance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. The experimental protocol was approved by the Institutional Animal Care and Use Committee of Royan Institute.

Procured MSCs obtained from the RP patients, were injected into the mice vitreous cavities and the corresponding eyes were subjected to routine histopathologic and immunohistochemical studies. For immunofluorescence analysis, the sections were permeabilized with 0.3% Triton X-100 in phosphate-buffered saline (PBS) and blocked with normal secondary host serum. The sections were stained overnight with primary antibodies against specific anti-human Thy1 (Millipore, CBL415) and glial fibrillary acidic protein (GFAP; Sigma-Aldrich G3893). The stained sections were examined with a fluorescent microscope (Olympus, IX71, Japan) that had a DP72 digital camera following treatment with secondary antibodies: Goat anti-mouse Alexa-fluor 568 (Molecular Probes) or goat anti-mouse FITC (Sigma-Aldrich). Nuclei were stained with 4\',6-diamidino-2-phenylindole (DAPI). A number of sections were stained with hematoxylin and eosin (H and E).

RESULTS {#sec1-3}
=======

Clinical Assessments {#sec2-5}
--------------------

MSCs used for transplantation were positive at passage one for CD90 (\>90%), CD105 (\>90%), CD73 (\>90%) and CD44 (\>60%). These MSCs showed low expression of CD11b (\<30%) and slight double expression of CD45/34 (\<10%) \[[Figure 1](#F1){ref-type="fig"}\].

![Flow cytometry of bone marrow-mesenchymal stem cells (MSCs) of patients with retinitis pigmentosa (RP) at primary culture. P, patient.](JOVR-12-58-g001){#F1}

One day after intravitreal transplantation of 10^6^ MSCs per 0.1 ml, ocular examination revealed no signs of any significant intraocular inflammation or increase in IOP. During the postoperative course, we observed no signs of adverse events in patients P1 and P2 at two weeks after intravitreal injection of the MSCs \[Figure [2a](#F2){ref-type="fig"}--[c](#F2){ref-type="fig"}\]. These patients reported visual improvement 2 weeks after intravitreal injection of the MSCs which persisted up to 3 months. Multifocal ERG performed at months 3, 6 and 12 revealed no significant change compared to the baseline mfERG. Baseline OCT showed severe thinning of the macular center, marked atrophy of the outer retina, photoreceptor loss, severe reduction of the peripapillary nerve fiber layer and central choroidal thickness. A comparison of OCT findings before and at different time points after the MSCs injection did not show any significant differences in terms of central macular thickness (CMT), peripapillary nerve fiber layer thickness and central choroidal thickness (CCT) \[Figure [2a](#F2){ref-type="fig"}--[c](#F2){ref-type="fig"}\]. Baseline FAF showed diffuse hypoautofluorescence with no change after the injection \[Figure [2d](#F2){ref-type="fig"}--[f](#F2){ref-type="fig"}\]. FA revealed window defects and abnormal visibility of the choriocapillaris secondary to severe RPE atrophy in addition to extensive areas of hypofluorescence due to loss of the choriocapillaris. There was no significant leakage observed before and 3 months after the injection \[Figure [2g](#F2){ref-type="fig"} and [h](#F2){ref-type="fig"}\].

![Enhanced depth imaging-optical coherence tomography (EDI-OCT) (a-c), auto-fluorescence (FAF) (d-f), and fluorescein angiography (FA) (g-h) images of the left eye of patient P2. (a) Prior to the cell injection, there was a severe reduction in the central macular and choroidal thicknesses, diffuse thinning of the inner and outer nuclear layers, and diffuse disruption of the external limiting membrane, ellipsoid zone and inter-digitation zone. Three (b) and 6 (c) months after cell injection there were no significant changes observed compared to baseline. FAF image shows significant hypoautofluorescence due to diffuse retinal pigment epithelium (RPE) loss (d). No significant changes were visible at months 3 (e) and 12 (f) after cell injection. FA image shows areas of hyperfluorescence due to the window defect caused by RPE atrophy and hypofluorescent areas due to the loss of choriocapillaris. No apparent leakage or changes were visible before (g) or at 3 months (h) after intravitreal injection of mesenchymal stem cells (MSCs).](JOVR-12-58-g002){#F2}

In contrast, fundus examination of patient P3 showed extensive pre-retinal and vitreal fibrosis two weeks after the intravitreal injection of MSCs \[Figure [3a](#F3){ref-type="fig"}--[c](#F3){ref-type="fig"}\]. The fibrous tissue increased after one month and led to tractional retinal detachment and further vision loss to no light perception (NLP). At 3-month follow-up, ciliary injection, cyclitic membrane manifesting as a retrolental fibrovascular tissue, shallow anterior chamber, ocular hypotony and nearly total tractional retinal detachment were seen \[[Figure 3d](#F3){ref-type="fig"}\]. Patient experienced pain and discomfort in the injected eye. A treatment regimen including betamethasone and homatropine eye drops was initiated. At the 1-year follow-up, ocular examination revealed vision of NLP, mature cataract, extensive iris neovascularization, ocular hypotony and shallow anterior chamber \[[Figure 3e](#F3){ref-type="fig"}\].

![Slit lamp photographs of the left eye of patient P3. (a) Vitreal and pre-retinal fibrous membrane formation was observed 2 weeks after intravitreal injection of mesenchymal stem cells (MSCs). (b and c) The fibrous tissue severity increased after one month and led to total tractional retinal detachment. (d) Retrolental fibrovascular tissue was visible three months after intravitreal cell injection. (e) Six months after cell injection, mature cataract, ciliary injection, shallow anterior chamber and neovascularization of the iris were present.](JOVR-12-58-g003){#F3}

Safety Outcome of MSCs of Patient P3 {#sec2-6}
------------------------------------

We sought to determine if patient P3 MSCs could form a fibrotic layer in the animal retina as they did in the patient\'s retina and compare them with the MSCs of patients P1 and P2. Intravitreal injection of MSCs of all three patients was performed in the mice eyes (*n* = 17) and the injected eyes were monitored repeatedly with the retina morphometry. On day 60, depth-selective histology images of the retina represented a fibrotic layer after injection of patient P3 MSCs \[[Figure 4a](#F4){ref-type="fig"}\]. However, the injection of patients P1 and P2 MSCs into the vitreous cavity of the mice eyes did not result in the formation of any fibrotic layers \[[Figure 4a](#F4){ref-type="fig"}\].

![Evaluation of the mouse retina 60 days after injection of patients' mesenchymal stem cells (MSCs). (a) Histology of the retina after staining with H and E. The fibrotic layer and marked pre-retinal membrane in the vitreous cavity behind the lens capsule were observed after transplantation of the MSCs of patient P3. Immunohistofluorescence staining for human GFAP (b) and Thy1 (c). The images of the retina sections did not depict any significant expression of human GFAP in three animals and also no expression of human Thy1 protein, which indicated that the generated layer possibly was not fibrosis or gliosis from a human origin. Nuclei visualized with DAPI staining (blue). The green stain in C was related to auto.fluorescence of the retinal pigment epithelium. H and E; Hematoxylin and eosin; GFAP, Glial fibrillary acidic protein; DAPI, 4',6-diamidino-2-phenylindole.](JOVR-12-58-g004){#F4}

Subsequently, we investigated the retinal glial responses to transplanted cells and evaluated the pre-retinal/retrolental tissue for graft-induced reactive gliosis by measuring the glial fibrillary acidic protein (GFAP) expression on the animal retina. Immunohistofluorescence on day 60 post-transplantation of MSCs of all three patients showed expression of GFAP in the Müller cell processes throughout the retina. However, its expression was limited to the nerve fiber layer in the intact retina \[[Figure 4b](#F4){ref-type="fig"}\]. Nonetheless, no positive labeling was observed within the pre-retinal/retrolental tissue with MSCs of patient P3. This finding suggested that pre-retinal/retrolental tissue was not a glial reaction \[[Figure 4b](#F4){ref-type="fig"}\].

In order to determine whether the fibrotic layer observed in the mice retina originated from human transplanted cells, we used an antibody against human specific-Thy1 which did not have any cross-reaction with the mice\'s \[[Figure 4c](#F4){ref-type="fig"}\]. The results showed that the pre-retinal/retrolental tissue did not have a human source. The cells of this layer were not positive for human specific marker TRA-1-85, a marker which is specific for human cells. All antibodies were tested on human cells as the positive control (data not shown).

Furthermore, we examined tumor formation in cells derived from the patients\' MSCs by transplanting the cells into the retinas and the subcutaneous regions of B6Nude mice (*n* = 6). None of the animals exhibited tumor formation within 6 months after treatment.

DISCUSSION {#sec1-4}
==========

Eye is one of the first organs to be targeted by regenerative medicine. Three phase I clinical trials using embryonic stem cell-derived retinal pigment epithelium (RPE) have already been reported\[[@ref13][@ref14][@ref15]\] and several others using a variety of cell types including bone marrow- or umbilical cord-mesenchymal stem cells, fetal neural or retinal progenitor cells, and adult stem cells-derived RPE are in earlier stages of development.\[[@ref16]\]

In the present study, three patients with advanced RP received intravitreal injection of the autologous MSCs. Two eyes showed no adverse effects and the patients expressed improvement in the quality of their sight after two weeks, which persisted up to 3 months after intravitreal MSCs injection. However, the third patient developed a severe and progressive adverse event 2 weeks after cell transplantation. Siqueira *et al* conducted a prospective phase I trial and reported that intravitreal injection of autologous bone marrow-derived mononuclear cells in human eyes with advanced RP or cone-rod dystrophy was associated with no detectable structural or functional impairment over a period of 10 months.\[[@ref8]\] In a phase II trial, they demonstrated that autologous bone marrow-derived mononuclear cells had a positive effect on cystoid macular edema (CME) associated with RP.\[[@ref9]\] Recently, these researchers reported that cell therapy with these cells improved the quality of life of patients with RP, although the improvement was lost over time.\[[@ref10]\] An improvement in ischemic macular edema or ischemic and degenerative retinal conditions after intravitreal injection of autologous bone marrow-derived hematopoietic stem cells has also been reported.\[[@ref11][@ref17]\]

Although we could not do biopsy of the fibrous tissue formed in the eye of the patient P3, we performed an animal experiment and observed that transplantation of MSCs of patient P3 induced an extra layer that resembled fibrosis after injection into the mouse vitreous cavity. MSCs of the other two patients did not generate fibrosis in the animal vitreous. Recently, Tassoni *et al* also demonstrated that following intravitreal injection of bone marrow MSCs, the recipient retina underwent GFAP overexpression, extensive macrophage infiltration, and retinal folding and detachment.\[[@ref17]\] We did not detect any human MSCs in the affected animals eyes after two months, hence we have concluded that this reaction was related to the inflammatory responses to donor bone marrow MSCs.\[[@ref17]\] This reaction following transplantation is not limited to MSCs, as it occurs in response to many other donor cell types such as neural cells,\[[@ref18]\] Muller stem cells,\[[@ref19]\] and photoreceptors\[[@ref20]\] being transplanted either into the vitreous cavity or in the subretinal space for regenerative and protective purposes.

In summary, intravitreal transplantation of bone marrow MSCs for treatment of RP warrants animal studies in order to elucidate the possible adverse effects of this approach in the management of RP. As a solution, we propose evaluation of the cells in animals prior to their intravitreal injection in patients.
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